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Abstract 
DNV GL has developed a comprehensive method for evaluation of carbon dioxide utilisation concepts, evaluating technical, 
environmental and economic aspects, to select the most robust concepts. The method can be described as life cycle assessment 
extended with a technical and economic assessment. The paper will demonstrate the methodology using two generic cases. 
 
Sequestration of carbon dioxide has been under development for more than two decades, and while the technical feasibility may 
have been sufficiently demonstrated, reducing costs and preferably making a profit is still high on the agenda. A chemical 
process where carbon dioxide can be used as a feedstock to produce a valuable product is a desirable pursuit. As of today, apart 
from carbon dioxide-EOR, all other ways of carbon dioxide utilization are niche markets in terms of volume (e.g. carbon dioxide 
for refrigeration, for drinks, carbon dioxide to methanol). As carbon dioxide has no chemical energy, any chemical utilisation 
process would require input of energy. However, the list of asserted promising concepts seems endless: utilisation of solar energy 
via the natural photosynthesis, e.g. algae, is a common factor in many concepts; imitation of the photosynthesis, using one or 
several catalysts for chemical absorption of solar energy; utilisation of “waste energy” or reacting carbon dioxide with carbonates 
to form cement are other assertions amongst many others. 
 
Governmental bodies and other financial stakeholders are interested in ensuring the soundness of their support or investment for 
such projects.  There is a need for a methodology that would provide them with the means of assessing viability of the various 
proposed concepts. Some of the published carbon dioxide utilisation concepts are not feasible either due to sizeable costs or, 
would require so much space that forestation of the land would be a better option for reducing carbon dioxide emissions, or that 
the energy required for the process would produce more carbon dioxide than is consumed by the process itself  
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DNV GL proposes a methodology to assess the feasibility of these concepts using well established tools readily applied in other 
industries for various assessments. These tools are integrated in a manner that provides a user-friendly yet robust approach to 
evaluate the concepts. 
- For assessing the environmental perspective, Life Cycle Assessment (ISO 14040 and ISO 14044) technique can be 
used to assess cradle-to-grave environmental impacts associated with all the stages of the project. This methodology can be 
applied to assess if a particular technology is viable from a carbon and energy footprint perspective.  
- For assessing the technical perspective, the Technology Qualification process (DNV-RP-A203) can help identify the 
novel components of a technology or the unproven applications of the technology as well as the main challenges and 
uncertainties of the concept.  
- For assessing the economic perspective, an Economic Assessment analysing benefits and costs is applied. 
 
The method has been applied to two generic examples; one related to algae production of biofuels; and one related to production 
of methanol utilising carbon dioxide. 
 
The developed methodology can be applied at an early stage of the concept development to evaluate the pros and cons, before an 
investment decision is made.  
The tools applied are compatible with each other due to similar boundary conditions, description of the technology, specification 
of inlet and outlet streams, functional requirements definition etc., and thus allowing for a single combined approach in lieu of 
various independent studies. Moreover, the single approach will enable better cross-checking of data quality providing a 
complete picture of the studied concept from a technical, environmental and economic perspective.  
 
Indeed selecting a concept that is technically and economically feasible and also has a negative carbon footprint is the challenge 
when comparing carbon dioxide utilisation concepts. The methodology proposed here provides an integrated solution addressing 
this challenge, bringing more clarity and transparency in evaluating carbon dioxide utilisation concepts. Applying this 
methodology will result in a quick, complete and reliable evaluation of such concepts to allow decision makers to make an 
informed investment decision. 
 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of GHGT. 
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1. Introduction 
Sequestration of carbon dioxide has been under development for more than two decades, and while the technical 
feasibility may have been sufficiently demonstrated, reducing costs and preferably making a profit is still high on the 
agenda. A chemical process where carbon dioxide can be used as a feedstock to produce a valuable product is a 
desirable pursuit. The objective of this paper is to propose a methodology to assess the feasibility of these concepts 
using well established tools readily applied in other industries for various assessments. 
 
Nomenclature 
CCU Carbon Capture and Utilisation 
LCA Life Cycle Assessment 
 
2. The CCU objectives and challenges 
A chemical process where carbon dioxide can be used as a feedstock to produce a valuable product is a desirable 
pursuit. As of today, apart from carbon dioxide-EOR, all other ways of carbon dioxide utilization are niche markets 
in terms of volume (e.g. carbon dioxide for refrigeration, for drinks, carbon dioxide to methanol). As carbon dioxide 
has no chemical energy, any chemical utilisation process would require input of energy. However, the list of 
© 2014 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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asserted promising concepts seems endless: utilisation of solar energy via the natural photosynthesis, e.g. algae, is a 
common factor in many concepts; imitation of the photosynthesis, using one or several catalysts for chemical 
absorption of solar energy; utilisation of “waste energy” or reacting carbon dioxide with carbonates to form cement 
are other assertions amongst many others. 
Governmental bodies and other financial stakeholders are interested in ensuring the soundness of their support or 
investment for such projects. From an altruistic perspective one would also prefer all investments to produce an 
improvement to the world. But ultimately selecting the most promising concepts would also benefit the technology 
developers. Projects reaching a dead end will not encourage investment in the CCU sector and will also not 
encourage human resources to invest their time and competency. 
There is a wide range of potential show stoppers for a CCU project: Some of the published carbon dioxide 
utilisation concepts are not feasible due to sizeable costs. A cost estimate should thus be made at an early stage of 
the project. A concept may require so much space that forestation of the land would be a better option for reducing 
carbon dioxide emissions, e.g. because of slow chemical reactions requiring a long retention time and thus large 
processing volumes. This aspect would also increase the costs. 
Some of these aspects may require complex evaluations and detailed process information. One aspect that can be 
assessed based on rather limited information is the energy balance of the concept: Will the energy required for the 
process cause larger releases of carbon dioxide than is consumed by the process itself? There is a need for a 
methodology that would provide at least provide the means of assessing this aspect of a proposed concept. 
3. Suggested approach 
The method suggested for evaluation of CCU concepts consists of four steps in a prioritised sequence. The four 
steps applied are compatible with each other due to similar boundary conditions, description of the technology, 
specification of inlet and outlet streams, functional requirements definition etc., and thus allowing for a single 
combined approach in lieu of various independent studies. Moreover, the single approach will enable better cross-
checking of data quality providing a complete picture of the studied concept from a technical, environmental and 
economic perspective.  
It is also suggested to start with the step requiring least information; if this should conclude that the project is not 
viable, the subsequent steps may become superfluous. The suggested steps, in sequence are thus: 
1. Technology Assessment 
2. Plant footprint assessment 
3. Lifecycle assessment 
4. Techno-economic assessment 
3.1. Technology Assessment 
The main objective of the technology assessment is to get an unbiased overview and a fair basis for comparison 
of different concepts.  
The technology assessment is based on principles from DNV GLs recommended practice for qualification of 
technology [1]. The technology assessment encompasses defining the boundaries and describing the technology as 
much as possible. This systematic collection and presentation of information will also form the basis for the 
subsequent steps.  
Our basic term for assessing CCU concepts is: Producing the energy and chemicals required for the process 
should not produce more carbon dioxide than is consumed by the process itself. The energy and material balances 
are part of the technology description, and will be assessed at this stage in order to demonstrate if the amount of 
carbon dioxide absorbed by the process will exceed the amount of carbon dioxide required for producing the energy 
and chemicals consumed. 
 Engebø Angunn et al. /  Energy Procedia  63 ( 2014 )  8010 – 8016 8013
3.2. Plant footprint assessment 
The purpose of the plant footprint assessment is to assess how much land the facilities will occupy. The basic 
terms for the assessment is: The area required for capturing a certain amount of carbon dioxide should not exceed 
the area required for a forest to capture the same amount of carbon dioxide. This basic principle will however have 
to be differentiated:  
For a specific project parts of the areas occupied may be unfit for forestation. In such cases those areas should be 
kept out of the evaluation. A typical example of such a process is biomass produced by algae in the sea. In this case 
the algae production itself will not occupy land suitable for forestation (or require deforestation to make space).  The 
further processing of algae will however require space for harvesting equipment, transport and further processing, 
and these areas will have to be accounted for. 
The plant footprint assessment will have to be project specific, accounting for local conditions but also for 
process related variations. Different types of feedstock will influence the area required for preparations but may also 
highly influence the reaction rates and thus the size of processing equipment. Process improvements may also 
likeways reduce the plant footprint. 
Hence, detailed information about the geographic area as well as detailed process information, including 
production test results will be necessary input to a plant footprint assessment. 
3.3. Lifecycle assessment 
One of the key methods for assessing a CCU concept is by performing energy accounting in which one measures 
the consumption of energy during the various stages in the value chain to understand the energy efficiency of the 
process. This step is an integral part of the lifecycle assessment (LCA). LCA (ISO 14040 and ISO 14044) is a well 
establish method for assessing the cradle-to-grave environmental impacts associated with all the stages of the 
project. This methodology can be applied to assess if a particular technology is viable from a carbon and energy 
footprint perspective.  
A challenge when applying LCA is to assess the input to the process in a neutral way. To don an LCA one will 
define a boundary around the process to be assessed and then establish an account of all input to the system, in terms 
of energy and chemicals, and of products, waste and emissions. But it is possible to define an energy source as a 
chemical and also to define a waste stream as a product. To demonstrate this we have used a LCAs published by 
other organisations. As our example assessments have shown, the same process may end up with a more or less 
favourable result, depending on where and how the boundaries are defined. Therefore we suggest to do an initial 
assessment of the energy and mass balances as a part of the technology assessment, before the more detailed LCA. 
3.4. Techno-economic assessment 
The purpose of an economic assessment is to assess the net present value and uncertainties of a project. We 
propose to assess this economical dimension based on the technology assessment described in Section 3.1, as well as 
the subsequent steps.  
Each technology option is analysed based on its mutual interaction and impact on carbon capture, utilisation, cost 
and schedule- and consequently project cash flow profile. During the preceding analyses we know which part of the 
process are the most uncertain and we have a good understanding of how they relate to costs and potential revenues. 
And further, the three preceding steps will act as a screening process; some concepts may be abandoned even before 
a comprehensive economic analysis has been carried out. 
 The objective of this economic assessment is to capture all the uncertainties in economic terms and to assess a 
probability weighted net present value of a project. This allows for understanding of the risk surrounding the 
investment in a technology. Once high risk features are identified from the technology assessment this can be 
translated into economic terms representing higher uncertainties and thus higher risk. 
E.g. if the technology assessment done as step 1 has shown that the novelty of a process segment may represent a 
significant risk for a delayed start up, the economic assessment we will translate this risk into economic terms 
saying that for instance the CAPEX could be increased by up to 5 % because of a delayed start up. 
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In this way the net present value of the project reflects the perceived risk of the project itself. This along with the 
LCA gives the investor a full picture of the projects risks to consider when investing. 
 
4. Application: two examples 
4.1. Evaluation of methanol synthesis from carbon dioxide 
Production of methanol from carbon dioxide and hydrogen can be done in a process often referred to as the 
Camere process or Reverse Water Gas Shift reaction (1). 
 
CO2 +3H2 = CH3OH+ H2O  (1) 
 
Several articles [2] [3] have reported testing of catalysts giving reasonable good performance and with a low 
energy consumption. There is also no unwanted waste from this process. But can we then conclude this is a good 
concept for CCU? 
This net reaction can be split into two steps, (2) and (3): 
 
CO2 +H2 = CO + H2O  (2) 
 
CO +2H2 = CH3OH  (3) 
 
Reaction (2) is slightly endothermic, requiring heat input, but reaction (3) is highly exothermic, producing several 
times the energy needed for reaction (2). So this process could in fact run without additional energy input. This 
implies that the end product, methanol, has a lower calorific value than the reactants; or in this case the hydrogen. 
So using the hydrogen as a fuel directly would give more energy than using the methanol produced.  
In a case where hydrogen can be produced by electrolysis from stranded renewable energy at a location where 
carbon dioxide is available, this might be a useful concept, at least until the use of hydrogen as fuel becomes more 
widespread. (With Toyota’s recent launching of the first fully commercial line of hydrogen cars, the time is running 
out though.)  
An additional benefit would be if the surplus heat generated by the methanol systhesis could be used for 
capturing the carbon dioxide required, as suggested by [4]. For most other cases this concept can be abandoned 
without further assessments. 
4.2. Evaluation of algae production of biofuels 
The example applied is a concept for production of biodiesel from microalgae. Carbon dioxide captured from 
power production or industrial applications is used in the microalgae production. A published LCA from a master 
thesis [5] has been used as basis for this evaluation. Among several sources presenting similar concepts, this source 
was selected for the level of detail provided.  
The LCA concludes that algae based carbon capture and utilization could produce renewable fuels to avoid 
consumption of fossile fuels. The process examined is the production of biodiesel from fatty acids via trans-
esterification with methanol, see Figure 1.  
The LCA states that as the carbon content in the methanol is the same as in glycerol (three molecules of methanol 
is consumed per molecule of glycerol produced) the carbon balance in the transesterification process is “carbon 
neutral”. This may indeed look like a reasonable statement.  
Applying our basic terms, producing the energy and chemicals required for the process should not produce more 
carbon dioxide than is consumed by the process itself, may however add some colour to the picture. Methanol can 
be used as a fuel directly. Glycerol on the other hand has a low calorific value, is not suitable as a fuel, and as a by-
product from biodiesel production it has been predicted that by 2020 the production will be six times as high as the 
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demand [6]. Therefore, the energy required for recycling glycerol into methanol should be included in the picture, 
see Figure 2. 
 Including the recycling step in the calculations, we can demonstrate that overall energy demand for this biodiesel 
production will cause a higher production of carbon dioxide than what is consumed by the algae. The only way this 
concept can contribute to reduced consumption of fossil fuels is if the methanol can be produced (recycled from 
glycerol) using a stranded renewable energy source (renewable energy that has no other application). 
 
 
Fig. 1. Transesterification 
 
 
Fig. 2. Transesterification with recycling of methanol 
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5 Conclusions 
A methodology to assess the feasibility of these concepts using well established tools readily applied in other 
industries for various assessments has been developed. 
The method has been applied to two generic examples; one related to algae production of biofuels; and one 
related to production of methanol utilising carbon dioxide. It has been shown how applying this method can help 
identify concepts that may have potential for further development. 
 
References 
[1] DNV-RP-A203Technology Qualification, July 2013, www.dnvgl.com 
[2] Gharibi Kharaji, A and Shariati, A, Performance of Co-Mo/Al2O3 Nano Catalyst for CAMERE Process in a Batch Reactor, Chem. Biochem. 
Eng. Q., 27 (3) 275–278 (2013) 
[3] Joo, O.S,; Jung, K.D.; Jung, Y, Studies in Surface Science and Catalysis - STUD SURF SCI CATAL 01/2004; 153:67-72. 
[4] Van-Dal, E.S. and Bouallou, C., Design and simulation of a methanol production plant from CO2 hydrogenation, J. Cleaner Prod., 2013:57,  
38-45 
[5] Sen, C, Algae Based Carbon Capture and Utilisation feasibility study, Royal Institute of Technology, Stockholm, 2012 
[6] Christoph, R., Schmidt, B., Steinberner, U., Dilla, W. and Karinen, R., Glycerol. Ullmann's Encyclopedia of Industrial Chemistry, Wiley 
online 2006.  
